Rene de Reaumur (1926) , when he wrote on The Natural History of Ants in 1742, clearly recognized that these social insects are a rich source of volatile compounds, " . . . a great deal of volatile spirits is being continually exhaled from the bodies of ants. It is peculiar to them, or at any rate there are few other insects that are similarly able to produce an exhalation so penetrating and so abundant." This accurate description of the odoriferous qualities of ants, however, is equally applicable to a vast multitude of social insect species. Although, even now, only the major substances present in the exocrine glands of relatively few social insects have been characterized, the variety of new animal natural products which already has been identified indicates that' these invertebrates possess widely varied biosynthetic capabilities.
More than 300 years have passed since
We are most grateful to Dr. Rolf Boch for providing us with stimulating discussions about the roles of pheromones in bees. We wish to express our sincere thanks to Drs. C. P. Haskins and P. E. Sonnet for allowing us to quote information from their unpublished manuscripts. Wray (1670) isolated formic acid, the simplest of fatty acids, from a distillate of formicine ants. While subsequent investigators continued to isolate more complex substances, it is only in the last score of years that the exocrine products of the Hymenoptera and Isoptera have been established as being extraordinarily diverse. Almost ten years ago Callow et al. (1964) showed that the mandibular glands of the queen honey bee contain more than 30 compounds. Recently, in the most thorough investigation of insect-derived compounds yet reported, Bergstrom and Lofqvist (1971) identified 39 out of more than 50 volatile compounds present in the Dufour's gland of the formicine, Camponotus ligniperda. These investigations, in particular, underscore the natural products potential that these arthropods possess, and such chemical complexity of the exocrine gland secretions of social insects may not be too unusual.
It would seem, therefore, that there are no substantive grounds for the statement of Wilson (1970) that vertebrate exocrine secretions are considerably more complex than those of insects. Wilson based his conclusion on the gas chromatographic separation of the products in the apocrine and sebaceous sudoriferous glands (plus possibly urine) of the black tailed deer (Brownlee et al., 1969) vis-a-vis those in the Dufour's gland of a formicine ant. As the volatile sex stimulant in the vaginal secretion of the rhesus monkey has been demonstrated to consist primarily of six simple fatty acids (Michael et al., 1971) it is probable that vertebrate exocrine products may sometimes be rather simple mixtures. Therefore, until additional investigations have been undertaken on the chemistry of vertebrate exocrine secretions, it is obviously premature to generalize about their complexity.
The exocrine glands of social insects are frequently fortified with a diversity of chemical primers and releasers of social behavior. These compounds, the pheromones, constitute many of the key elements which regulate the biology of the social insects, and the elucidation of their chemistry has provided behaviorists with an elegant tool with which to probe many of the dimensions of sociality. Although chemical analyses of social insect pheromones have outstripped the complementary behavioral studies on these exocrine compounds, the results of the former nevertheless present an opportunity to evaluate some of the broad bases which presently characterize this area of comparative exocrinology. However, this review will be restricted, for the most part, to pheromones whose chemical identities have been determined, and no serious attempt will be made to delineate the multitude of pheromones whose existence has been ascertained by behavioral investigations.
The products synthesized in the exocrine glands of arthropods generally consist' of mixtures of compounds, and the glandular exudates of social insects are no exception. Although many of the constituents that have been identified in exocrine secretions are now known to possess pheromonal functions, there are a multitude of natural products with no demonstrated behavioral activities which accompany these communicative chemicals. Since the nature of this review demands some degree of terminological exactitude, we shall endeavor to identify those compounds t'hat appear to be the bona fide pheromones. In addition however, the glandular concomitants of the pheromones whose functions are currently unknown will be discussed when appropriate or necessary. In this way it is hoped that the exocrine secretions of different' species can be compared both in terms of the magnitude of their biosynthetic peculiarities and by the emphasis placed on particular chemical types and functionalities.
THE LANGUAGE OF CHEMISOCIAL1TV
PRIMER PHEROMONES
Chemical primers of social behavior appear to be widespread, especially among functional female reproductives, but the difficulties in establishing a precise bioassay for these compounds have generally militated against their being isolated and identified. Although at this juncture it is impossible to ascertain whether primer pheromones are normally produced in substantial quantities by functional queens, it may not be insignificant that in the two cases in which these pheromones have been identified, they were present as major exocrine constituents. Barbier and Lederer (1960) and Butler et al. (1961) identified (£)-9-oxo-2-decenoic acid (trans isomer) (I) as the queen substance of the honey bee Apis mellifera. This compound, which is pro-H OH (I) duced in die mandibular glands, plays a role in inhibiting queen cell construction, and in addition, it is one of the pheromones which functions to inhibit ovarian development in worker bees. However, the primer activity of (£)-9-oxo-2-decenoic acid is increased by other volatile compounds produced by the queen (Butler et al., 1961) and a mated queen is more effective in inhibiting oogenesis in workers than any combination of queen-derived pheromones which has been evaluated (Butler and Fairey, 1963) .
The mandibular glands of the queen bee have also been demonstrated to be the source of a second primer pheromone which works in concert with (£)-9-oxo-2-decenoic acid. This compound, (£)-9-hydroxy-2-decenoic acid (trans isomer) (II), acts synergistically with the 9-oxo acid to inhibit queen cell construction by (10 workers (Butler and Callow, 1968) . As these two acids are still not quite as effective as a mated queen in inhibiting queen rearing by workers, it is obvious that additional primer pheromones are present. Whether (£)-9-hydroxy-2-decenoic acid is one of the primer pheromones which functions along with the 9-keto acid to inhibit oogenesis in workers has not been determined. However, it" will not prove surprising if the mandibular glands of the queen, which are richly fortified with other ten-carbon acids (Callow et al., 1964) , are also the ultimate source of the unknown primer pheromones.
(Z)-9-Oxo-2-decenoic acid (cis isomer) like its trans counterpart, has also been reported t'o inhibit queen rearing by workers (Pain et al., 1962) . However, it has now been determined that the apparent primer activity of the cis acid results from its conversion to the trans isomer (Doolittle et 1 al., 1970) . Although the photoisomerization of the cis isomer to its trans form can be demonstrated to be initiated by sunlight, the occurrence of the cistrans isomerization inside the beehive clearly indicates that this transformation can occur in the absence of sunlight.
Heads of Oriental hornet queens (Vespa orientalis) have been shown to contain a chemical primer for workers of this species. This pheromone has been isolated from the acidic fraction of an extract' of heads and identified as 8-n-hexadecalactone (III) (Ikan et al., 1969) .
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The head of each queen contains about 6 ;u.g of this pheromone. At the end of the season, workers construct queen cells in the absence of the queen if supplied with this compound, whereas ordinarily this type of activity is expressed only in the presence of the queen (Ikan et al., 1969) .
Finally, larval growth has been reported to be depressed by the acidic fraction derived from the heads of fertile queens of the ant Myrmica rubra (Brian and Blum, 1969) .
RELEASER PHEROMONES
Although releaser pheromones with a wide variety of functions have been identified in social insects, it is nevertheless impossible to catalogue these exocrine compounds into strict behavioral categories. Many pheromones are known to subserve multiple functions depending upon the behavioral context in which they are secreted, and this pheromonal parsimony appears to be widespread among hymenopterous species (Blum, 1970) . As a consequence, although most of the identified releaser pheromones have been assigned to specific behavioral classes, our classification of these compounds is intended simply to reflect the known functions with which they are currently identified. Indeed, several compounds are reported to be pheromones for some species, whereas in other species the same compound has either a different function or no demonstrable behavioral activity whatsoever.
Releasers of Trail Following
Ants. The major trail pheromone utilized by the ant Atta lexana has been identified as methyl 4-methylpyrrole-2-carboxylate (IV).
'Xx § (IV)

H
This compound, which is a trace constituent of the poison gland secretion, can be detected by workers at a concentration of about 0.8 pg/cm. In addition to this pyrrole, compounds in four other fractions were demonstrated to possess trailfollowing activity . These unidentified trail pheromones are present' in substantially lower amounts than the disubstituted pyrrole (IV) and some of these chemical releasers of trail following are certainly identical to the relatively non-volatile trail pheromone (s) which is produced by this species (Moser and Silverstein, 1967) .
Sonnet and Moser (personal communication) undertook a thorough study of the relation of pyrrole structure to trailfollowing activity. Positional isomers of methyl 4-methylpyrrole-2-carboxylate (IV), in which the methyl group is shifted on the pyrrole ring, do not possess any trail-following activity. All other isomers in which the carbometiioxy and methyl groups were no longer present as 2-and 4-substituents respectively were completely inactive. Since methyl pyrrole-2-carboxylate had no demonstrable pheromonal activity, it is clear that the 4-alkyl substituent on the ring is essential. The slight activity of methyl 4-ethylpyrrole-2-carboxylate indicates that the length of the alkyl group can be slightly extended without completely eliminating trail-following activity.
Several of the pheromonal mimics evaluated by Sonnet and Moser (personal communication) possessed pronounced activity as trail pheromones. Significantly, the most active pheromonal surrogates were 2, 4-disubstituted pyrroles containing a carbomethoxy group adjacent to the pyrrolic nitrogen. On the other hand, a variety of pyrroles containing different substitutents on position 4 of the pyrrole ring possessed strong trail-following activity. Thus, methyl 4-chloropyrrole-2-carboxylate was as active as the natural trail pheromone, methyl 4-methylpyrrole-2-carboxylate (IV).
The presence of 4-substituted bromine atom on the pyrrole ring also resulted in a potent trail pheromone. Indeed, moderate activity was present in pyrroles which contained a carboxaldehyde group in the 2-position and a halogen atom in the 4-position (e.g., methyl 4-chloropyrrole-2-carboxaldehyde). Conformational analysis of these data by Sonnet and Moser (personal communication) clearly indicates that this structure-activity investigation may have great value in probing the modus operandi of olfactory receptor sites.
Atta texana is a species in the t'ribe Attini, a taxon which is characterized by a series of genera whose recognized phylogentic relationship is supported by both morphological and behavioral data (Weber, 1958) . Since Atta is regarded as the most specialized genus in the Attini, an evaluation of the sensitivity of species in the more primitive transitional genera to methyl 4-methyl pyrrole-2-carboxylate (IV) may provide an insight" into the evolution of trail pheromones in this taxon. Moser and Blum (unpublished) assayed the A. texana pyrrole (IV) on species in the genera Cyphomyrmcx, Apterostignia, Trachymyrmex, Acromyrmex, and Atta, a series of taxa which are believed to reflect the increasing evolutionary specialization of genera in this tribe. All species were equally sensitive to the disubstituted pyrrole (IV), and it thus appears probable that little change has occurred during the evolution of this tribe in either the trail pheromone or the olfactory receptors which detect this exocrine compound. The same conclusion was reached by Blum et al. (1964) after demonstrating that poison gland extracts of species in these genera, which contain the trail pheromone, lack any detectable specificity at the generic level.
These results on the trail pheromone of A. texana lead to the obvious conclusion tTiat it is comprised of a mixture of compounds, all of which release trail following, but not all the compounds are equally active . It is widely recognized for many different species of ants that a newly laid trail, e.g., from a food source to the nest, produces a strong recruitment response, and Wilson (1971) states that in most cases analyzed to date, the recruitment trail substances have turned out to be strong attractants. We have noticed how workers of Solenopsis invicta, following a strong trail t'o and from a regular source of food, can be drawn off this trail by the freshly laid trail of only one worker which has found a new food source. It would appear that a freshly laid trail contains a more volatile fraction, which functions particularly for recruitment, in addition to the regular trail-following substances.
Any behavioral conclusions pertaining to trail following that are based on the responses of ants to extracts of trail substances should take into account the possibility that the true trail substance is a mixture of compounds differing in volatility . The information content of such a mixture may vary appreciably. In numerous bioassays of an active trail-following extract of Crematogaster peringueyi, Fletcher and Brand (unpublished) were never able to obtain the same degree of trail following with any fractions collected from a gas chromatographic column as with the original extract. Recombination of the various collected fractions still did not give the same degree of activity as the equivalent amount of material that was injected. However, certain collected fractions of relatively low volatility which possessed weak trailfollowing activity were found to contain two different heptyl benzenes and cyclohexyl benzene (Brand, Eggers, and Fletcher, unpublished) . These compounds, which themselves do not cause active trail following, may act 1 as keepers of more volatile components, thereby prolonging the perceptibility of a newly laid trail. This aspect of pheromone chemistry promises to offer an exciting field of research, and, with the technical refinements of analytical chemistry now being used and developed , rapid progress in t'his area can be expected.
Termites. The odor trails of termites are generated from a secretion which originates in the sternal gland, a structure that is found universally in these insects (Stuart, 1970) . The propensity of termites for following artificial trails made with a wide variety of synthetic compounds (Stuart, 1969) , militates against utilizing an unnatural assay in monitoring a trail pheromone present' in a termite extract. Indeed, Becker and Petrowitz (1967) reported that several species of termites readily followed the ink line made with a ball-point pen and demonstrated that the biologically active material consisted of the monoalkyl ethers of diethylene glycol. In an elegant series of experiments Stuart (1969) analyzed the mechanism of trail laying in termites and concluded, on very persuasive grounds, that unless termites on a trail display uninterrupted trailfollowing behavior when their natural trail is interrupted with a test compound, the candidate compounds cannot be considered identical to their trail pheromone. Verron and Barbier (1962) isolated (Z)-3-hexenol (cis isomer) (V) from nymphs of
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Caloterrncs flavicollis and from the galleries of Microceroterm.es edantatus. This compound is attractive to both lower and higher termites (Verron, 1963) but does not possess the potency which is identified with the trail pheromones of these species. Hummel and Karlson (1968) isolated «-hexanoic acid from Zoolermopsis nevadcnsis and reported that this compound was one of the components of the trail pheromone of this species. Subsequently, Karlson et al. (1968) demonstrated that farnesol, a compound not detected in the termites, was as active as hexanoic acid when evaluated by their trail assay. The high activity of another synthetic compound, the dodecyl ester of phthalic acid, demonstrated that nymphs of Z. nevadensis were quite capable of exhibiting trail following in the presence of a wide variety of unrelated compounds.
A compound which is a potent attractant for Reliculitermes flavipes has been isolated from wood infected with the fungus Lenzites trabea (Matsumura et al., 1968) . This compound is also present in the termites, but the fungus appears to be a much richer source of this attractant than the termites themselves. Because of the ability of this compound, n-ris-3, cis-G,
to cause trail following at very low concentrations, Matsumura et' al. (1968) regard it as the trail pheromone of R. flavipes. However, no evidence is presented to demonstrate that the trail pheromone in the sternal gland is identical to the dodecafrienol (VI) which was isolated from the fungus. Thus, it is very possible that the minor amount of dodecatrienol which was isolated from termites was present in the gut of these insects and was not necessarily present in the sternal gland. It' would seem highly desirable to present trailfollowing nymphs of R. flavipes with a choice between two branches of a trail fork, one of which is treated with the trienol (VI) and the other with a sternal gland extract. In this way, termites should be able to distinguish easily between the fungal attractant and their trail pheromone, if they are not one and the same. Akira et al. (1971) compared the trailfollowing activity of n- cis-3, cis-6, trans-8- dodecatrien-1-ol (VI) to a number of related compounds. Remarkably, the compound which lacked the trans-% double bond, n-cis-Sj cw-6-dodecadien-l-ol, was as active a trail substance as the fungally derived alcohol (VI). A completely unnatural alcohol, 4-phenyl-cw-3-buten-l-ol, was also as active as the dodecatrienol (VI) which these investigators consider to be the natural t'rail pheromone. Even cinnamyl alcohol, 3-phenyl-2-propen-l-ol, possessed extraordinary activity as a trail substance for R. flavipes.
Thus, the trail-following activity of n-CM-3, cw-6-dodecadien-l-ol, not withstanding the absence of a third double bond is not diminished in comparison to that of the trienol (VI), the presumed trail pheromone. Furthermore, if the olfactory receptors which interact with the true trail pheromone possess any degree of spatial specificity, it is difficult to reconcile this fact with the very high levels of trailfollowing activity of the aromatic alcohols which were evaluated. The data of Akira et al. (1971) contrast extraordinarily with those of Butenandt and Hecker (1961) who studied the relationship of sex attractant activity t'o geometry of the double bonds in the sex attractant of Bombyx mori. These investigators reported that whereas the sex attractant n-tra?is-]0, cw-12-hexadecadien-l-ol was active at a concentration of 1 X 10~1 2 , activity dropped to 1 X 10~3 ar >d lower when the geometry around the double bonds was changed.
Ritter and Coenen-Saraber (1969) isolated two fractions from wood infected with the fungus L. trabea, both of which released strong trail-following in Reticulitermes lucipgus. Bioassays were carried out by employing some isolated workers which were carefully exposed to test streaks containing the candidate fractions. One of the fractions may contain the dodecatrienol isolated by Matsumura et al. (1968) but the compound in the other active fraction is clearly different from this trienol. Thus, for R. htcifigus, wood infected with L. irabea contains two compounds capable of releasing trail following rather than a single component as has been reported for R.
flavipes.
The trail pheromone of Nasutiterm.es exitiosus has been characterized as an unsaturated diterpenoid hydrocarbon, C.> 0 H 3 .>, which apparently possesses a monocyclic structure with four double bonds (Moore, 1966) . The same compound appears to be present in other species of Nasutitermes but is inactive as a trail pheromone for a species of Coptotermes. Since Nasutitermes species readily followed trails prepared with a fraction of Australian sandalwood (Santalum spicatum) oil (Moore, 1966) , this essential oil was further characterized in order to identify the compound (s) which acted as a releaser of trail following. Birch et al. (1970) identified two sesquiterpene hydrocarbons which were shown to be responsible for the trail following activity of sandalwood oil. Two sesquiterpene hydrocarbons, 10 cisand 10 Jrara5-2,6,10-trimethyldodeca-2,6, 10-triene, were equally identified with the trail-following activity of this oil. However, neither of these compounds was as active as the natural pheromone produced by N. exitiosus which was about 10 3 times more potent than the sandalwood-derived compounds.
Thus, several investigators have established that compounds produced by various plants are both potent attractants and trail pheromones for different species of termites. However, it has not been established that these compounds, notwithstanding their great trail-following activity, are identical to the natural pheromones which are present in the sternal glands of termites. If termites are dependent for their trail pheromones on the fungi which attack the wood that they ingest, then it remains to be established as to how the fungal derivatives are transported to the sternal gland. If the termite trail pheromones which are present in the sternal gland do not have a de novo origin in the termite, then the sternal gland cannot be regarded as a biosynthetic tissue, at least in terms of the trail pheromone. In this case, it must be postulated that the future trail pheromone is selectively channeled to the sternal gland after its ingest'ion by a termite. On the other hand, if the fungallyderived compound is metabolized in the isopteran body, then it is possible that this compound is ultimately reconstructed in the sternal gland, which then would possess an important biosynthetic function. These questions, which are fundamental to our comprehension of termite biology, remain to be answered.
Bees. Many species of stingless bees lay odor trails by means of a series of droplets placed at varying intervals between the food source and the nest. The trail-marking compounds, which originate in the mandibular glands, are often utilized to recruit large numbers of workers to food finds in a short period of time (Lindauer and Kerr, 1958) . The presence of speciesspecific trail pheromones would insure that trails laid to food resources would be insulated from violations by foreign species and thus newly discovered food finds could be exploited quickly only by the bees which were recruited by the original scout.
Neral (VII) and geranial (VIII), the stereoisomers of citral,
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have been demonstrated to be the pheromones utilized by Trigona subterranea for generating trails to newly discovered food supplies . Workers orient to citral-impregnated objects when they discover a food source and are attracted to citral baits when objects fortified with these monoterpene aldehydes are placed on the trails along which they are flying.
Trigona species in the subgenus Scaptotrigona utilize a mixture of carbonyl compounds in order to lay an odor trail (Blum, Kerr, Padovani, and Doolittle, unpublished) . In T. postica and T. tubiba, one of the major exocrine compounds in the mandibular glands is benzaldehyde, a powerful attractant' for T. postica workers. In addition, the mandibular glands of Scaptotrigona species are fortified with methyl ketones, and workers of T. postica contain large quantities of 2-tridecanone and 2-pent'adecanone in these exocrine structures. On the other hand, the mandibular glands of T. tubiba workers contain only three methyl ketones and their trail language is considerably simpler than that of T. postica. Since T. tubiba workers can follow trails laid by T. postica workers but not vice versa, it is obvious that the pheromonal composition of the mandibular glands of each species may determine the species specificity of trie trails which are laid with these exocrine secretions.
Releasers of Alarm Behavior
At the present time, the chemistry of the comparative exocrinology of social insects is largely identified witri the pheromones which are utilized to release alarm behavior. A wide variety of alarm pheromones have now been identified and these releasers appear to be commonly accompanied by a multitude of other exocrine compounds Lofqvist, 1968, 1970) . With few exceptions, the characterized chemical releasers of alarm behavior have been isolated from ants, and a survey of the primary formicid alarm pheromones (Table I) is virtually equivalent to a summary of the known exocrine compounds utilized to generate alarm signals in animals. Although a few exocrine compounds have been isolated from species which belong to ant subfamilies other than the three listed in Table 1 , these natural products have been excluded because they have not yet been demonstrated to release alarm behavior.
The alarm pheromones produced in the mandibular glands of species in myrmicine genera are clearly dominated by ethyl ketones (Table I) . Seven 3-ketones have been identified in species of different taxa and two of these compounds, 3-octanone and 4-methyl-3-heptanone, appear to be especially characteristic releasers of alarm behavior in the Myrmicinae. The apparent absence of 3-ketones in the mandibular glands of non-myrmicine species indicates that the biogenesis of ethyl ketones in these exocrine structures is a widespread chemotaxonomic character peculiar to many genera in the large subfamily Myrmicinae. Although the myrmicine genera are united by this biosynthetic common denominator, the random distribution of 3-alkanones in these formicids clearly nullifies the phylogenetic value of these compounds as chemosystematic indicators within this subfamily.
The remarkable variation on a 3-alkanone theme which has been practiced by myrmicine species has resulted in the utilization of a variety of new natural products as releasers of alarm behavior. Thus, 4-methyl-3-hexanone is only known as a natural product" because of its occurrence in Manica species . Interestingly, in an evaluation of the alarmreleasing activities of 98 ketones, Blum et al. (1971a) demonstrated that 4-methyl-3-hexanone was the only ketone which was as active as 4-methyl-3-heptanone, the natural alarm pheromone of Pogonomyrmex badius. 4-Methyl-3-heptanone may occur as a mandibular gland product in the apparent absence of other alkanones (e.g., Pogonomyrmex) or this ketone may be accompanied by 3-octanone (e.g., Trachymyrmex seminole) or 2-heptanone (e.g., Atta). The presence of 2-heptanone in Atta species (Moser et al., 1968) as a concomitant of 4-methyl-3-heptanone demonstrates that some myrmicines possess die ability to biosynthesize methyl ketones in their mandibular glands. On the other hand, 2-heptanone is a poor releaser of ahum for Atta .species when compaitd to 4-methyl-3-heptanone, and the true func- Bevan et al., 1961 . McGurk et al., 1966 . Moser et al., 1968 . Crewe and Blum, 1972 . Crewe and Blum, 1972 . Crewe and Blum, 1972 . Crewe and Blum, 1970a . Creweet al., 1970 . Crewe and Blum, 19706. Crewe and Blum, 19706. Fales et al., 1972 . Cavill and Hinterberger, 1962 . Blum et al., 1963 . Blum and Warter, 1966 . Trave and Pavan, 1956 . Trave and Pavan, 1956 . McGurk et al., 1968 . Maschwitz, 1964 . Ayre and Blum, 1971 . Bergstrom and Lofqvist, 1971 . Regnier and Wilson, 1968 . Ghent, 1961 . Chadlia et al., 1962 . Ghent, 1961 . Chadha et al., 1962 . Bergstrom and Lofqvist, 1971 . Regnier and Wilson, 1968 . Bergstrom and Lofqvist, 1971 . Regnier and Wilson, 1968 tion of this 2-ketone remains to be determined with certainty. The occurrence of 3-octanone in six myrmicine genera clearly indicates that the taxa in this subfamily also emphasize unbranched ketones as alarm pheromones. The identification of 3-nonanone in Myrmica species ) and 3-decanone in Manica species demonstrates that the capacity to produce a series of unbranched ethyl ketones, as well as 4-methyl-3-ketones, is a well-developed characteristic shared by many myrmicine species. Although the major methylbranched 3-alkanones are substituted on the C 4 carbon atom, the ability of Myrmica species to synthesize alkanones which are branched on the C o carbon (Crewe and Blum, 19706) further demonstrates t'he biosynthetic versatility possessed by species in certain myrmicine genera. The ability of species in some genera to produce dimethylbranched 3-alkanones in which both the C 4 and C 6 carbons contain methyl substituents is exemplified by manicone, 4,6-dimetliyl-4-octen-3-one .
Carbinols corresponding to the 3-alkanones are produced in the mandibular glands of many myrmicine species, and it is tempting to speculate that these alcohols are involved in the biosynthetic pathways for the ketones. McGurk et al., (1966) identified 4-methyl-3-heptanol as a normal concomitant of 4-methyl-3-heptanone, the ; alarm pheromone of Pogonomyrmex species. However, this carbinol has virtually no activity as an alarm releaser for Alia lexana, another myrmicine species which utilizes 4-methyl-3-heptanone to generate an alarm signal (Moser et al., 1968) . On the other hand, in both Myrmica and Crematogaster species, 3-octanol accompanies 3-octanone in the mandibular gland secretion and this carbinol is an eflect'ive releaser of alarm behavior Crewe and Blum, 19706) . 6-Methyl-3-octanol, along with its corresponding ketone, is present in the mandibular glands of Myrmica species and in at least one species both the alcohol and ketone are major constituents (Crewe and Blum, 19706) . However, the apparent absence of detectable alcohols in the ketone-rich secretion of the mandibular glands of Manica species demonstrates that carbinols do not always accompany their ketonic counterparts.
The reduction of a ketone to the corresponding alcohol with NaBH 4 has been used in characterizing many of these compounds. After the reduction of 4-methyl-3-heptanone or manicone we have obtained two isomeric alcohols, whereas only one peak corresponding to 4-methyl-3-heptanol was observed by McGurk et' al. (1966) as a normal constituent in the mandibular secretion of Pogonomyrmex species. It would seem, therefore, that the various carbinols may be stereospecifically synthesized by ants, but until definitive biosyntxietic studies on myrmicine alarm pheromones are undertaken, neither their metabolic role nor their function can be comprehended.
The widespread occurrence of ethyl ketones in myrmicine taxa almost guarantees that these formicids will exhibit great olfactory sensitivity to 3-alkanones. Significantly, Moser et al. (1968) reported mat workers of Atta lexana were 100,000X more sensitive to their natural alarm pheromone, 4-methyl-3-heptanone, than they were to a closely related compound, 4-methyl-2-heptanone. It is obvious that the chemoreceptors on the antennae of this myrmicine are eminently capable of resolving between closely related methyl ketones and ethyl ketones. Furthermore, since A. lexana workers are about I000x more sensitive to 4-methyl-3-heptanone than they are to 2-heptanone, notwithstanding the fact that they produce both compounds in flieir mandibular glands, it indeed seems probable that they are selectively sensitive to 3-ketones. Blum et al. (1971a) obtained similar results with Pogonomyrmex badius, another myrmicine which utilizes 4-methyl-3-heptanone as an alarm releaser.
Dolichoderine alarm pheromones, which are produced in the anal glands, appear to be dominated by ketones of apparent terpenoid origin (Table 1 ). Three of the four known compounds employed as alarm releasers by dolichoderine species are terpenes, and one of the compounds, 2-methyl-4-heptanone, an alarm pheromone of Tapinoma species, is the only 4-ketone which has been identified in ants. However, the presence of 2-heptanone in some dolichorderine genera demonstrates that ketones of apparent non-terpenoid origin are also utilized as alarm releasers by dolichoderine species. 2-Heptanone is also produced by myrmicine species in the genus Alia, and this compound is the only ketone which is known to be shaied between the subfamilies Dolichoderinae and Myrmicinae. Since methyl ketones are present in species in all dolichoderine taxa in which alarm pheromones have been isolated, the members of this subfamily are clearly identified with 2-alkanones. As a consequence, dolichoderines might be expected to be maximally responsive to methyl ketones in contrast to alkanones in which the carbonyl group is located more tbwards the center of the carbon chain. Indeed, a structure-activity investigation of the alarm-releasing activities of a large series of ketones demonstrated that the dolichoderine Iridomyrmcx pruinosus, which utilizes 2-heptanone as an alarm pheromone, exhibited greatest sensitivity to 2-alkanones .
Species in the subfamily Formicinae have been demonstrated to generate an alarm signal with secretions from three different exocrine glands (Maschwitz, 1964) , and alarm releasers have been identified in the glandular exudates of all three structures. Formic acid, which is a typical poison gland secretion of formicine species, has also been utilized to signal alarm in species in the genera Formica and Camponotus (Table  1) . This acid possesses the lowest molecular weight (46) of any of the known alarm pheromones, and its high vapor pressure results in alarm signals of rather short duration (Ayre and Blum, 1971) . However, some formicine genera (e.g., Lasius) do not utilize formic acid t'o release alarm behavior (Maschwitz, 1964) , although it would appear to be of obvious adaptive significance to generate an alarm signal with the copious defensive products of the poison gland.
Haskins et al. (1972) have recently described a remarkable case in which a predatory species is driven into an aggresssive frenzy by formic acid, an alarm pheromone secreted by its normal prey. Myrmecia gulosa, an archaic myrmiciine species, is specialized for preying on Camponotus species, and the latter eject large quantities of formic acid during the encounters with their aggressive predators. In the presence of formic acid (which Myrmecia does not produce), violent attack behavior is released in workers of M. gulosa and the aggressive propensities of these myrmiciines is savagely directed at their formicine prey. Thus, the alarm signal generated by the formicine prey is "read" by its predator and results in lowering the attack threshold of this already aggressive myrmiciine. The alarm signal is especially disadvantageous to Camponotus species because it can serve to recruit more aggressive workers of M. gulosa to the site of the confrontation. Significantly, two other species of Myrmecia, M. vindex and M. nigriceps, neither of which prey selectively on Camponotus species, do not exhibit alarm behavior in the presence of formic acid.
The terpenes which are employed to release alarm behavior (Table 1) are produced in the mandibular glands of species in certain formicine genera (e.g., Lasius, Acanthomyops). On the other hand, volatile alarm releasers have not been detected in the mandibular glands of species in two major formicine genera, Formica and Camponotits, and, as a consequence, these glandular structures cannot always be regarded as typical sources of alarm pheromones in in the Formicinae. However, when exocrine products are biosynthesized in the mandibular gland, these compounds sometimes prove to be surprisingly novel terpenes. Bergstrom and Lofqvist (1970) identified both sesquit'erpenes and diterpenes in the mandibular glands of Lasius species as well as the methyl ketone, 6-methyl-5-hepten-2-one. The presence of the latter compound, a typical dolichoderine anal gland product, demonstrates that the Formicinae share at least one ket'onic product with the Dolichoderinae.
The hydrocarbons and long-chain ketone (Table 1) are alarm pheromones which originate in the secretion of the Dufour's gland. The products of this exocrine structure are secreted in admixture with the poison gland exudate (Maschwitz, 1964) , and thus, an alarm signal is generated from either one (Lasius) or both (Camponotus) glandular sources which are evacuated through the venom orifice. The Dufour's gland secretion is extraordinarily complex (Bergstrom and Lofqvist, 1968 Schreuder and Brand, 1972) and the significance of the great chemical diversity of this glandular secretion remains to be fully established.
However, the variety of natural products identified in the Dufour's gland secretion of formicine ants has considerably extended our comprehension of the comparative exocrinology of ants. Thus, long chain methyl ketones, which usually correspond to concomitant hydrocarbons, are produced in this gland and demonstrate that 2-alkanones are not limited in their formicid distribution to the Myrmicinae and Dolichoderinae. Long-chain 3-alkanones are synthesized by some Lasius species (Bergstrom and Lofqvist, 1970 ) and although they probably do not function as alarm pheromones, the presence of these compounds demonstrates that the capacity to biosynthesize 3-alkanones in ants is not limited tb the mandibular glands of myrmicines. Finally, bio-genesis of terpenes in the Dufour's glands of several formicine species (Bergstrom and Lofqvist 1968 demonstrates that these exocrine structures share the capacity t'o biosynthesize this class of compounds along with the mandibular glands.
2-Heptanone, an anal gland product which signals alarm in certain dolichoderine species, is also utilized as an alarm releaser in certain bees. Stingless bees in the genus Trigona (Scaptotrigona) discharge a mandibular gland secretion which is fortified with 2-heptanone and this compound effectively releases alarm behavior in workers (Blum, Kerr, Padovani, and Doolittle, unpublished) . 2-Heptanone is also a moderately effective releaser of alarm behavior for honey bee workers (Shearer and Boch, 1965) , but the primary alarm signal is generated by isoamyl acetate, a compound produced by glandular tissue on t'he sting shaft .
Trigona subterranea, a stingless bee in the subgenus Geotrigona, utilizes both isomers of citral in order to generate an alarm signal in the vicinity of the hive . As mentioned previously, these two terpenes also function as trail pheromones for this species.
Releasers of Sexual Behavior
Our total knowledge of the chemistry of sex attractants in female social instects is predicated on the identification of the sex pheromone produced by the queen honey bee, Apis mellifera. Gary (1962) demonstrated that queen substance, (£)-9-oxo-2-decenoic acid (I) was a powerful attractant lor airborne drones. This compound, which also functions as a queen substance in the milieu of the hive, thus acts both as a releaser pheromone for drones and a primer for workers. Recently, queens of the other three species of Apis, A. indica, A. dorsata, and A. florea, have been demonstrated to produce 9-oxo-2-decenoic acid in their mandibular glands Sannasi and Rajulu, 1971) . Size disparities probably prevent these three sympatric species of Apis from hybridizing. Indeed, even when A. mellifera and A. indica, which are not 1 naturally sympatric, are presented with optimal mating conditions, the two species fail to hybridize (Ruttner and Kaissling, 1968) . Pain and Ruttner (1963) demonstrated that either queen honey bees or their extracts were apparently more attractive to flying drones than (£)-9-oxo-2-decenoic acid (I), whereas Butler and Fairey (1964) reported that the attractiveness of a queen bee to drones was due entirely to the 9-oxo acid (I). However, since Pain and Ruttner undertook their investigations with a level of sex att'ractant which was tenfold greater than that utilized by Butler and Fairey, it now appears probable that their contrasting results were due to concentrational differences. Butler and Fairey (1964) evaluated the sex attractancy of 100 ^g of queen substance, a level which is quite similar to that found in a queen bee. On the other hand, Pain and Ruttner (1963) tested an inordinately high level of queen substance (>1 mg) and thus challenged the drones with a super-thresh old concent'ration of attractant. Boch (personal communication) has observed that drones are not attracted in large numbers to lures containing 1 mg of queen substance but, rather, become visually attracted to each other at some distance from the lure where the level of attractant is sufficient to release sexual behavior.
(E) -9-Oxo-2-decenoic acid (I) appears t'o be more absolute in its structural specificity than any other sex attractant which has been similarly studied. An evaluation of the sex attractancies of nineteen closely related compounds demonstrated that any structural change from that of the natural pheromone resulted in a complete loss in activity . The inactivity of (Z)-9-oxo-2-decenoic acid (r/.v isomer) as a sex pheromone established the critical nature of the trans configuration. A free carboxylic acid group is required for activity since the methyl ester of (I) possesses no sex attractancy. The ICquirement for an a, /3-relationship to the double bond was established by the inactivity of the p, y-isomer. The necessity for the carbonyl group is absolute in terms of both its functionality and position. Removal of the carbonyl group or replacing it by an hydroxy group completely eliminated activity as did changing its position on the carbon chain. Either lengthening or shortening the sex attractant molecule by adding or deleting methylene groups eliminated all pheromonal activity.
A conformational analysis of (£) -9-oxo-2-decenoic acid (I) in terms of its minimal energy conformer demonstrated that any change in structure had a pronounced effect on int'ra-atomic distances (Blum et al., 19716) . The absolute specificity of this pheromone can best be interpreted in terms of a preferred energy conformer which derives its great specificity from its acceptability to a receptor on the antennae of the drone. Similarly, the inability of either the m-isomer or closely related compounds to mask the activity of the natural pheromone can be most easily explained as a function of special olfactory receptors which accommodate only a preferred energy conformer, specifically that of (£)-9-oxo-2-decenoic acid (I).
The mandibular gland secretions of male bumble bees are utilized as territorial markers that attract both males and females to specific sites which the males patrol and label. Thus, these secretions, while they attract individuals of both sexes, indirectly serve as sex pheromones because they draw males and females to a common point where mating can occur. Calam (1969) studied the compounds present' in the mandibular glands of males of five species of Bombus and identified long-chain alcohols, hydrocarbons, and esters as the main products. No two species contained the same qualitative mixture, and as a consequence, these secretions may be able to function admirably as species isolating devices. More recently, Kullenberg et al. (1970) analyzed the mandibular gland secretions of males of thirteen species in the genus Bombus and six species of cuckoo bumblebees in the genus Psithyrus. The secretions were rich in acyclic mono-, sesqui-, and diterpenes as well as an extensive series of aliphatic straightchain compounds which included alcohols, acetates, and ethyl esters. Significantly, although a few species produced the same major compound (e.g., geranylgeranyl acetate) in their mandibular glands, no two species contained the same qualitative blend of pheromones. Thus, only B. hortorum produced nonadecene, and 2, 3-dihydrofarnesol was limited in its distribution to B. ierrestris. Although both Ps. silvestris and Ps. bohemicus contained hexadecen-1-ol as the major constituent in their secretions, the former species also produced tetradecan-1-ol, ethyl tetradecan-l-ol, ethyl tetradecenoate, and tetradecanal, whereas the secretion of the latter contained citronellol, tetradecanal, and hexadecanal as concomitants of the main product. The results of Kullenberg et al. (1970) provide persuasive evidence for regarding the secretory mixtures produced by male bumble bees as highly specific species attractants.
Male ants of Acanthomyops claviger, L. neoniger, and L. alienus have been shown to produce volatile compounds in their mandibular glands which do not occur in workers of the same species (Law et al., 1965) . The heads of males trapped at' light traps some hours after mating flights possessed little or no odor, and it was suggested that these male-derived compounds may be used in species recognition and as isolating mechanisms by attracting females during flight. In contrast to these findings, Kannowski and Johnson (1969) found that males of L. umbratus, both during a mating flight and after mating, contained the same quantity of mandibular substance as males taken from a nest before flight. Also, as Kannowski (1963) has concluded that in Lasius spp. males are attracted to females during flights, the actual function of these male-derived compounds still has to be determined.
It is interesting to note that most of the compounds obtained from the male heads of L. neoniger, L. alienus, and A. claviger are alcohols, whereas the major compounds in the heads of workers of A. claviger are aldehydes (Regnier and Wilson, 1968) . In a comparison of tlie volatile products in the heads of workers and males of Alia sexdens (Blum, Brand, and Amante, unpublished) , we have found that the male heads contain a considerable amount of 4-methyl-3-heptanol, together with the corresponding ketone, and, rather interestingly, nonanoic acid. This is in contrast to the workers which contain mainly 4-methyl-3-heptanone (Blum et al., 1968) . The fact that the alcohols have a lower volatility than their corresponding ketones may be particularly important in the function of these secretions in these male ants.
Male heads of L. nconiger, L. alienus, and A. claviger are reported also to contain an indole compound (Law et al., 1965) . We have recently identified methyl anthranilate among the major products in the heads of male Camponotus nearcticus (Brand, Duffield, Blum, and Fales, unpublished) . These latter findings lead us to make a speculation which we hope will not turn out to be misleading. In general, male ants have large eyes, especially when considered in relation to the size of their heads. A key intermediate in the synthesis of certain eye pigments of insects is the amino acid, tryptophan. It, therefore, seems reasonable to assume that the heads of male ants, with their large eyes, would be particularly well adapted to the conversion of tryptophan into these pigment substances. A number of compounds play key roles in the pathways of tryptophan metabolism, among which are indole and anthranilic acid, the latter being an end product of tryptophan metabolism in mammals.
It is tempting to suggest' that indole and methyl anthranilate, among other compounds in the heads of certain male ants, may play some pheromonal role in the biology of these species. If the presence of these two nitrogen-containing compounds is in fact related to the metabolism of tryptophan, then certain products of a particular metabolic pathway may have been exploited preferentially for use in a rather intricate behavioral system. If these speculations are correct and these few compounds are chemically related, then they may be the first of a new group of formicine, or even ant pheromones.
We suspect that the copious secretions produced in the mandibular glands of male bumble bees and male ants may have another function which is completely unrelated to their immediate pheromonal roles. The compounds produced in the heads of male hymenopterans should serve as excellent defensive substances against predators. Free-flying males are specially subject to predation by airborne predators, and terrestrial arthropods undoubtedly constitute an additional source of predatory pressure when the males alight on the ground. The mandibular gland secretions may have a distinct value in repelling at least some of these predators and may, thus, possess important survival value for the species which produce them. Indeed, it is not improbable that these secretions were originally employed as defensive secretions, and their role as territorial markers and attractanfe may have been derived secondarily. It is possible that the utilization of defensive compounds to function secondarily as volatile information-bearing agents may be the rule among the Hymenoptera, rather than the social exception.
PARSIMONY: MULTIFUNCTIONAL PHEROMONES
One of the major factors responsible for the development of a viable chemisociality has been the ability of social insects to utilize single pheromones to subserve multiple functions. Evidence for widespread pheromonal parsimony in the Hymenoptera is becoming increasingly common and the development of this communicative versatility by social insects must be regarded as one of the major developments which enabled these arthropods to expand tremendously their social horizons. In view of the significant numer of examples of pheromonal parsimony which have already been exposed as a consequence of relatively few investigations, we believe that this phenomenon ultimately will be demonstrated as the social rule rather than the exception. Since pheromonal parsimony is usually identified with the utilization of the same pheromone in different social contexts, this phenomenon basically reflects the remarkable behavioral plasticity which characterizes the social insects.
At this juncture, queen substance, (£)-9-oxo-2-decenoic acid (1), must be regarded as a multifunctional pheromone par excellence. The roles of this pheromone as a sex attractant and inhibitor of both ovarian development in workers and queen cell construction have already been described, but it seems possible that the diverse functions of this oxo-acid have not been completely illuminated. Queen substance is also a powerful colonial tranquillizer which, within the context of the hive, generates a continuous signal that identifies the presence of the queen. In the absence of the queen as the source of this pheromone, the colonial cohesiveness of the workers rapidly disintegrates. Recently, Morse and Boch (1971) identified this pheromone as one of the key elements which guarantees the stability of a swarm of bees. However, other pheromones produced by the queen, which act in concert with (E)-9-oxo-2-decenoic acid (I), are necessary in order to maintain a relatively stabile swarm. These results are somewhat similar to those of Barbier and Pain (1960) who reported that the oxo-acid (I) was attractive to caged workers only when it was combined with other volatile acids which are produced in the mandibular glands of the queen bee.
Worker honey bees are almost as communicatively versatile as their queen in utilizing the products of a single exocrine gland to subserve multiple functions. An abdominal structure, the Nassanoff gland, produces a terpene-rich secretion which is dominated by geraniol, nerolic acid, and citral Shearer, 1962, 1964; Shearer and Boch, 1966) , and this terpenoid mixture acts as a powerful attractant for both bee workers and the queen. The Nassanoff gland, which is a structure known only from species of Apis, is a biosynthetically unusual abdominal gland producing large amounts of terpenes, a class of natural products normally found in the mandibular glands of Hymenoptera. Worker bees scent with the Nassanoff secretion in order to (1) mark new food finds, (2) indicate the location of the nest entrance, and (3) indicate that they are separated from their queen (Renner, 1960) . The Nassanoff volatiles are a vital driving force during the formation and maintenance of swarms. Scout bees signal the locations of new swarm sites by liberating Nassanoff volatiles and, thus, attract both the queen and her workers. Therefore, the formation of clusters is triggered by the Nassanoff volatiles, and after the queen has joined the cluster, additional bees scent and liberate more of the terpenefortified secretion to attract lost bees (Morse and Boch, 1971) . The vigorous scenting which results after the queen has arrived at the cluster site probably disperses queen pheromones as well, and thus produces a large air space in the vicinity of the cluster which is redolent with both queen and worker pheromones. This simultaneous utilization of pheromones from two different castes of bees as part of a phased behavioral operation (Morse and Boch, 1971) has not been previously demonstrated. However, it is not unreasonable to assume that the modus operandi of the queen-worker interactions of other social insects may well have pheromonal bases which are derived from individuals of both castes.
Different species of social insects frequently utilize the same compound for entirely different functions, a situation which reflects both the behavioral and biological peculiarities of each species. The isomers of citral, whose roles in trail laying, alarm release, and attraction have already been discussed, possess one critically additional function for workers of the stingless bee Lestrimelitta limao. The mandibular gland secretion of this bee is dominated by neral and geranial (Blum, 1966) and these two terpene aldehydes appear to be the deus ex machina which enable L. limao workers to carry out facilely raids on species of stingless bees. Citral (both isomers) acts as an attractant and alarm pheromone for workers of L. limao when these bees are raiding colonies of either Trigona or Melipona species. Attracted by citral secreted by the initial invaders, additional workers of L. limao gain access to the interior of the raided colony. Copious amounts of citral soon permeate the entire nest and at the same time, organized resistance on the part of the host species disappears and the L. limao workers appropriate the protein-rich food in the absence of organized resistance. The colonial cohesiveness of raid-susceptible species is detroyed when their workers are exposed to the two highly stimulatory isomers of citral . In a sense, for the host species, neral and geranial are volatile omens of impending disaster. On the other hand, the behavior of species which are not normally raided by L. limao is not appreciably altered in the presence of neral and geranial, and these species would presumably be capable of defending their colonies if attacked .
The astonishing versatility with which the alarm pheromones are utilized by social insects strongly indicates that it is this class of releasers which will be identified most frequently with the phenomenon of pheromonal parsimony. It would seem that in view of the fact that alarm pheromones are produced in greater quantities than pheromones in other classes, they would appear to constitute the most readily available source of exocrine compounds which can be drawn upon with some frequency. As alarm pheromones, these exocrine products, which are also potent attractants, release attack behavior (4-methyl-3-heptanone in Pogonomyrmex) (McGurk et al., 1966) , and digging behavior (2-heptanone in Cunomyrma ) (Blum and "Waiter, 1966) , and are utilized to label an intruder as a prelude to subsequent attack by newly recruited workers (citronellal in Acanthomyops (Ghent, 1961) . The stingless bee T. subterranea labels its food find with citral , its alarm pheromone, and it has been suggested that ants may mark new food sources with their alarm, pheromones to recruit additional workers (Ayre, 1968) . The behavior of workers of the dolichoderine Iridomyrrnex pruinosiis, which are feeding for a sustained period of time at a food source, provides strong support for the suggestion of Ayre. 2-Heptanone, the alarm pheromone utilized by I. pruinosiis workers (Blum et al., 1963) , can be easily detected at feeding sites which contain large aggregations of this dolichoderine species. Holldobler (1971) has demonstrated that worker guides of the formicine Camponotus socins secrete one of their alarm pheromones, formic acid, along with the trail pheromone, in order to maintain a high level of excitement in workers which are being recruited to a food source. Curiously, whereas honey bees recruit workers to new food finds with their Nassanoff secretion, they mark dissipated food finds with 2-heptanone, a secondary alarm pheromone, which then serves to repel additional workers that may attempt to visit the empty food source (Niirlez, 1967) . Bergstrom and Lofqvist (1970) identified the main components in the Dufour's glands of the slave-keeping ant Formica sanguinea and its slaves F. fusca and F.
rufibarbis. Their results made it seem highly probable that slave raiding in this group of Formica was based on disarming pheromones, as it is in the case of the bee L. limao. The prediction that raiding in this group of ants would have a pheromonal foundation like that of stingless bees was verified by Regnier and Wilson (1971) who established that slave-making species in the Formica sanguinea group utilized volatile pheromones to disarm the ants under attack. Since two of the three slave-making Formica species studied by Wilson and Regnier (1971) possess hypertrophied Dufour's glands. these investigators believe that the presence of an over-developed gland represents a derived state. They have also suggested that the large amount of acetates present in the Dufour's gland and which play a role in subduing the raided species, also represent a derived condition. However, since relatively few species have been studied in this context and it is known that at least one slave possesses these acetates in its own Dufour's gland (Bergstrom and Lofqvist, 1968) , it would seem premature to draw any definite conclusions about the evolutionary basis of slave making in ants at this time.
n-Undecane, which appears to be one of the characteristic components produced in the Dufours gland of formicine species, has already been described as an alarm pheromone for species in this subfamily (Table 1) . However, in at least some species, this hydrocarbon functions as a potent attractant but it does not release alarm behavior. Thus, workers of Camponolus pennsylvanicus "home in" on emission sources of n-undecane but they do not exhibit the characteristic reactions of alarmed workers (Ayre and Blum, 1971) . Furthermore, it seems likely that this alkane may be responsible for the characteristic clustering behavior of ant workers and possibly of other social insects. In C. pennsylvanicus, a source containing n-undecane acts as a point of aggregation for large clusters which may persist for a least twelve hours (Ayre and Blum, 1971) . These alkane-induced clusters appear to be identical to those that normally form in the nests of ants. Thus, it is highly probable that an attractant which is frequently used to recruit workers in the field, also serves as a local aggregative pheromone in the milieu of the nest.
Another possible role of n-undecane in defensive secretions was suggested from electroantennagram studies on a species of Nudaurelia, a pine emperor moth. Bosnian and Brand (unpublished) employed the usual EAG method to monitor the female sex attractant activity of various isolated fractions. An active fraction would result in the rapid depolarization of the antenna. However, if air containing n-undecane vapor was blown over the antenna prior to the sex attractant vapor, the antenna would not respond with the same rapid depolarization for a period of some minutes. This rather interesting finding leads us to speculate whether the presence of ?j-undecane in the formicine Dufour's gland secretion may not disrupt the olfactory acuity of an enemy during an encounter. Any mechanism that impairs the function of the antennae of a predatory insect would have an obvious advantage to a formicine, especially if the latter is not as sensitive to the hydrocarbon.
Throughout the course of evolution, mechanisms which once served one function have been readapted to fulfill another role. Ghent (1961) suggested that secretions once used for offense later have become adapted for defensive functions. Wilson (1968, 1969) proposed the term alarm-defense system for exocrine secretions of the ants, A. claviger and L. alienus. Bergstrom and Lofqvist (1971) consider that more than one function is suggested for the components of the Dufour's and poison glands because of the wide difference in volatility of the constituents. These latter workers state that the volatile components of the secretion probably serve as alarm substances while the higher-boiling compounds serve the role of recognition marks. They have suggested the term recogm^ora-alarm-defense system. As many of the higher boiling compounds, which do not cause alarm, are secreted in trace amounts relative to the major components, this extension of our terminology to include the olfactory discrimination of the secretion of a particular species by the species itself, as well as by other species, seems particularly appropriate. The trace quantities of these numerous substances, which are almost all aliphatic compounds, probably cannot influence the initial primary effects of the secretion, but, by their persistence, they could easily influence the long-term behavioral response directed towards an insect marked by them. Bergstrom and Lofqvist (1971) , based on their very thorough and elegant analytical work, suggest that ants of the same species can recognize one another, as well as an intruder, by these trace components. In addition, however, any enemy will have an odor peculiar to itself, and the superimposition of a species-specific odor on a foreign one may very well have a more than additive behavioral meaning. One only has to observe an attack by ants on another insect to realize that, in spite of there being anis running wildly about, they are able to distinguish between Iriend and foe. During such an encounter the ants themselves must possess the strong odor of their defensive secretion, but yet are seldom seriously attacked because of it. The occurrence of a foreign odor, particularly together with their own defensive secretion, may be a critical factor in the overall survival reaction of a species, whether it be one of attack or retreat.
The significance of the blend of components in the D.ufour's gland secretion may not be of great importance. Regnier and Wilson (1969) have stated that the amounts of the minor components in the Dufour's gland secretion of L. alienus may vary as much as 50 per cent. An observation of particular importance in this connection has been made by Bergstrom and Lofqvist (1971) . They point out that while there is no species specificity in the occurrence of the lower hydrocarbons in the nine formicines they have studied, there are species-specific differences which are apparent in those species living sympatrically. This is particularly true for related species. For example, the Dufour's gland secretion of L. flavus has high-boiling lactones while that of L. camiolicus has ketones; in L. niger acetates predominate, while in L. aliemts ketones predominate. Comparisons such as these can only be made after the most careful and thorough analytical work.
It is apparent, particularly from the results of the above investigations, that the Dufour's gland secretion serves a number of functions all intricately dependent on one another. The deciphering of the evolutionary development of this and other systems which involve attraction, alarm, recognition, defense and other behavioral reactions, will depend both on elegant microanalytical work and imaginative behavioral studies.
SYNKRCISTIC PHEROMONES
The complexity of the products that can be synthesized by exocrine glands should serve to emphasize the necessity of analyzing the functions of these glandular exudates in terms of multiple components rather than single compounds. The significance of the rich mixture of natural products which is found in exocrine glands cannot be determined when identified compounds are evaluated singly, as has been the general practice up to the present time. Furthermore, because a compound is present as a minor component, it should not be assumed that its contribution to the olfactory quality of the secretion is inconsequential, a fact that has not been lost on perfumerers. We would like to suggest that a simple mechanism for increasing the communicative versatility of exocrine secretions can be developed by utilizing the ability of compounds in glandular mixtures or from different glands to synergize each other. Evidence for the presence of synergistic pheromones in both social and non-social insects is already available and there are not cogent grounds for believing that these cases are exceptional. Butler and Callow (1968) have demonstrated that two compounds produced in the mandibular glands of the queen honey bee are required to inhibit construction of queen cells by the workers. These pheromones, (£)-9-oxo-2-decenoic acid (I) and (£)-9-hydroxy-2-decenoic acid (IF), both must be present in order for inhibition to be demonstrated. Since a living queen bee is a more effective inhibitor than this pair of acids, it is probable that additional swiergistk compounds urv icquired in order to suppress completely the rearing of queen bees by workers. The same absolute requirement of two compounds for the expression of pheromonal activity in a non-social arthropod has been demonstrated by Tamaki et al. (1971) . These investigators showed that the female sex attractant of the smaller tea tortrix, Adoxophyes fasciata, is composed of two compounds, (Z) -9-tetradecenyl acetate and (Z)-ll-tetradecenyl acetate, both of which are required in order to attract male moths. Similar synergistic effects have been observed with the terpene mixture which comprises the attractant of the bark beetle Ips confusus (Silverstein et al., 1966) .
Pheromonal synergism between compounds produced in two different exocrine glands has also been reported. The ant Camponotus penn.sylvanicus ejects its alarm pheromone, formic acid, in admixture with the products from Dufour's gland. w-Undecane, the major compound produced by Dufour's gland, acts as an attractant or orienting agent for the workers which are put into a non-oriented alarm frenzy by formic acid (Ayre and Blum, 1971) . n-Undecane also synergizes the action of formic acid while enabling the excited workers to move accurately to the site of the disturbance. Thus, nundecane, notwithstanding its inactivity as an alarm pheromone, maximizes the probability that the release of alarm in workers of C. pennsylvanicus will be behaviorally adaptive. Brady et al. (1971) have observed a strikingly similar case of synergistic pheromones in a lepidopteran, the almond moth, Cadra caulella. In addition to its sex pheromone, the female produces another compound which is behaviorally inactive for males but, when combined with the active sex pheromone, results in a pronounced increase in orientation of the male moths.
In view of the potentially great communicative value which can be derived from synergistic interactions between exocrine compounds, we feel that the possible existence of this phenomenon should be determined whenever pheromones are behaviorally evaluated in social insects.
PHEROMONES: DERIVED DEFENSIVE COMPOUNDS
It has been frequently noted that alarm pheromones are present in inordinately large quantities relative to other classes of chemical releasers. Thus, the mandibular glands of worker honey bees contain about 40 pg of 2-heptanone (-Shearer and Boch, 1965) , and although this compound is moderately active as an alarm pheromone, its major function has not been considered to be fully established. However, it seems probable that the ketone, along with the other major alarm pheromones utilized by social insects, functions as a defensive secretion as well. Thus, the availability of substantial quantities of alarm pheromones in social insects may actually reflect the important role that these compounds play as defensive products. Indeed, it seems highly probable that many pheromones actually represent defensive products, which, because of their ideal properties as highly stimulatory olfactants, have been secondarily adapted to function as communicative vehicles.
The primary defensive compound which is ejected from the scent glands of the opilionid Leiobunum formosum is 4-methyl-3-heptanone (Blum and Edgar, 1971) , a compound which is identical to the alarm pheromone utilized by several species of myrmicine ants (McGurk et al., 1966; Moser et al., 1968) . There is no reason to believe that this opilionid defensive compound does not have a similar function in ants, notwithstanding the fact that this ethyl ketone is also an alarm pheromone for these formicids. Indeed, the defensive behavior of dolichoderine ants, which secrete an anal gland secretion enriched with their alarm pheromone 2-heptanone, is highly suggestive of the defensive role that this compound plays (Blum and Warter, 1966) . Furthermore, the striking similarity in the natural products chemistry of opilionid defensive secretions and ant alarm pheromones is heightened by the recent discovery that in addition to 4-methyl-3-heptanone, the defensive exudate of the harvestman L. vittatum contains (£)-4,6-dimethyl-6-octen-3-one (Meinwald et al., 1971 ). This ketone is an isomer of manicone, 4,6-dimethyl-4-octen-3-one, a potent alarm pheromone produced in the mandibular glands of species of ants in the genus Manica . Manicone, like its opilionid-derived isomer, should function as an excellent defensive product, especially since it is present as the major volatile constituent in the secretion of the mandibular glands.
The presence of compounds identical to hymenopterous alarm pheromones in arthropod taxa (e.g., opilionids) which are considerably more ancient than these social insects, clearly demonstrates that the ability to synthesize these compounds was present in arthropod stock before these insects arose. Thus, the structural parallel between the pheromones of social insects and the defensive compound of non-social arthropods may constitute, in a broad sense, a biochemical legacy which the former have derived from the latter. Once solitary arthropods possessed the ability to synthesize defensive compounds which were both fairly volatile and stimulatory olfactants, it only remained for the more recently derived social insects to secondarily utilize these olfactants for communicative functions. The biogenesis of these defensive substances may have only required mutations for a single enzyme in order to extend pathways which were already in existence (e.g., in order to produce formic acid). Thus, the existence of pathways for the synthesis of the same defensive compound in many unrelated non-social arthropods demonstrates that the pathway for the de novo biogenesis of this product has been evolved independently on many occasions. Therefore, the presence of these "defensive" pheromones in social insects should not be regarded as a surprising biochemical development.
An examination of the defensive compounds utilized by non-social arthropods (see review by Weatherston and Percy, 1970) demonstrates that many of these compounds are identical to the pheromones employed by social insects. Thus, formic acid, the alarm pheromone of ant species in two formicine genera, is employed for defensive purposes by carabid beetles and some species of notodontid larvae. iram-2-Hexenal, one of the major products in the defensive sprays of cockroaches and many true bugs, is utilized as an alarm releaser by ant species in one subgenus of Cremalogaster (Bevan et al., 1961; Blum et al., 1969) . The defensive secretion of several species of pentatom.ids is dominated by the hydrocarbon n-tridecane, a compound which is reported to release alarm in some formicine species. Even benzaldehyde, a potent defensive product which is normally present in the cyanogenic secretions of polydesmid millipedes and in the mandibular gland of an harvester ant, is employed as one of the key pheromones with which some species of stingless bees generate trails. Ghent (1961) , in a detailed study of the defensive mechanisms employed by the ant A. clatnger, established clearly for the first time the alarm-defensive function of pheromones. Ghent demonstrated that citronellal, the main mandibular gland product of A. claviger, was both an alarm pheromone and defensive product. This terpene aldehyde acted as a carrier for formic acid by disrupting the epicuticle and facilitating the penetration of the poison gland product. However, because of the variation in insect cuticles, increased penetration of formic acid should not be considered general and, in fact, could not be demonstrated for Galleria larvae (Ghent, 1961) . In addition, citronellal acted as a topical irritant per se, a property which considerably extended the defensive utility of this compound. The results obtained by Ghent (1961) are probably applicable, at least to a degree, to alarm pheromones as a whole, and provide substantive grounds for regarding this class of releasers as cryptic defensive compounds. Thus, these are often no valid grounds for mak-ing distinctions between pheromones and defensive compounds. They are frequently one and the same compound, a fact which once again underscored the parsimonious utilization of pheromones by social insects.
At least four species of ants in the genus Solenopsis have a venom rich in dialkyl piperidine alkaloids (MacConnell et al., 1971; Brand et al., 1972) , and the defensive function of this secretion will be evident to anyone who has encountered these ants. The lipophilic character of these compounds should enable them to spread and penetrate an insect cuticle thereby giving a long-term effect, and studies on certain physiological properties of these compounds are being undertaken in order to ascertain their toxic properties. If some of the Dufour's gland secretion is released, together with the venom, during an encounter, it would act as a powerful attractant and excitant drawing nearby ants to its source. As this Dufour's gland secretion contains n-heptadecane , the occurrence of hydrocarbons in this gland may be more widespread in the Formicidae than was previously recognized.
CONCLUSIONS
The complexity of the exocrine secretions of social insects demonstrates that these arthropods possess outstanding biosynthetic capabilities. The presence in social insects of a number of pheromones which are unique animal natural products provides persuasive evidence for regarding these compounds as major factors in developing a viable sociality. A multitude of devices has been utilized to increase the communicative potential afforded by the availability of a finite number of pheromones. Qualitatively distinct blends of pheromones provide species with elegant isolating agents, especially when closely related species are sympatric.
Pheromonal secretions may contain highly volatile compounds which function to recruit workers rapidly in a highly excited state, but, in addition, these secretions may be fortified with very persistent compounds that serve to mantain a large number of individuals at the site of attraction. Synergistic interactions between compounds can considerably increase the specificity of the chemical message, thereby adding to the informational yield that may be derived from the utilization of a limited number of exocrine products. Although the exocrine secretions of relatively few species of social insects have been analyzed, it appears that the alarmreleasing signal of most species may constitute a recognition-alarm-defense system, which can be highly specific (Bergstrom and Lofqvist, 1971) .
The compounds in some classes of pheromones are excellent defensive products, and as a consequence, no clear-cut distinction can be made for classifying these substances as either defensive products or pheromones. The identity of social insect pheromones with the defensive compounds of many non-social arthropods indicates that the ability of social insects to biosynthesize these compounds may represent the expression of a metabolic capability which had already been realized in more ancient lines of arthropods.
